Pallister-Killian syndrome (PKS) is a rare chromosomal duplication disorder caused by additional copies of the short arm of chromosome 12 (12p). Clinically PKS is characterized by craniofacial dysmorphism with neonatal frontotemporal alopecia, hypertelorism, and low-set ears as well as kyphoscoliosis, severe intellectual disability, epilepsy, and abnormal muscle tone. Comprehensive high-resolution brain MR findings of PKS in childhood have not been previously illustrated in the medical literature. We present detailed neuroimaging findings from a child with PKS and thoroughly review previously reported structural brain abnormalities in this patient population. MRI abnormalities common to PKS include cerebral volume loss, malformations of cortical development, corpus callosum dysgenesis, white matter disease, and craniofacial malformations. In our patient, new findings of perisylvian with occipital polymicrogyria, vermian dysplasia, brachium pontis signal abnormality, dural anomalies, and unilateral atlas assimilation were noted. Micrencephaly and cortical dysplasia provide a likely explanation for severe intellectual disability and epilepsy in this patient population.
Introduction
Pallister-Killian syndrome (PKS) is a rare genetic syndrome caused by additional copies of the short arm of chromosome 12 (12p). First described by Pallister in 1977 and later in 1981 by Killian and Teschler-Nicola, it is also known as Pallister mosaic syndrome, Killian syndrome, Teschler-Nicola/Killian syndrome, tetrasomy 12p, and isochromosome 12p syndrome. 1 It is caused by a spontaneous mosaic duplication event most frequently resulting in tetrasomy 12p from the formation of an additional 12p isochromosome. Trisomy and hexasomy 12p have been reported to have highly similar features. 2, 3 Clinically PKS is characterized by craniofacial dysmorphism with neonatal frontotemporal alopecia, hypertelorism, and low-set ears as well as kyphoscoliosis, severe intellectual disability, epilepsy, and abnormal muscle tone. 4 The disease's mosaic distribution frequently complicates diagnosis and leads to significant phenotypic variability. Numerous other abnormalities may occur including cardiac, dermatologic, gastrointestinal, genitourinary, musculoskeletal, and ophthalmologic anomalies. 4 Comprehensive highresolution brain magnetic resonance (MR) findings of PKS in childhood have not been previously illustrated in the medical literature. Herein, we present detailed neuroimaging findings from a child with PKS and thoroughly review previously reported structural brain abnormalities in this patient population.
Case presentation
The patient is a 13-year-old male who initially presented as a transfer to the neonatal intensive care unit (NICU) at our tertiary care children's hospital for respiratory distress and dysmorphic appearance. Prenatal ultrasound had revealed abnormal limb length, and he was born at 36 weeks via emergency cesarean section for maternal hemolysis, elevated liver enzymes, low-platelet count (HELLP) syndrome. He required a 17-day NICU stay prior to discharge. Preliminary inpatient genetics workup was negative. At age 12 months, outside genetics workup detected a very low-level (1/71) mosaicism of tetrasomy 12p seen on fluorescent in-situ hybridization (FISH) and Giemsa banding of peripheral blood lymphocytes. This finding was confirmed by Giemsa banding in 16/20 cultured fibroblasts obtained by skin biopsy. The patient returned to our institution at age 4 years when he was seen by outpatient neurology for seizure management. At that point, he had also been diagnosed with epilepsy, bilateral sensorineural hearing loss, and bicuspid aortic valve. In the interim, he had undergone surgery for cryptorchidism, correction of strabismus, and insertion and removal of a gastric feeding tube.
Anticonvulsant treatment with levetiracetam was initiated at the age of 5 years for increasing frequency of focal seizures. A brain computed tomography (CT) scan at an outside hospital did not discern any obvious structural etiology. Electroencephalogram (EEG) ordered because of persistent clinical seizures identified multifocal epileptiform discharges originating in the right midtemporal and left central regions. The patient's epilepsy course required changes in his anticonvulsant regimen over time, including the discontinuation of levetiracetam and the addition of oxcarbazepine and then topiramate by age 11 years. Brain CT ordered around this time demonstrated dural calcifications and enlarged supratentorial ventricles and thinning of the corpus callosum reflecting cerebral volume loss. Brain magnetic resonance imaging (MRI) was frequently discussed in order to better characterize his seizure disorder; however, the patient was unable to be scanned owing to metallic hip hardware placed for chronic bilateral hip instability with frequent dislocation. Over the years he was also diagnosed with chronic lung disease, insulin-dependent diabetes mellitus, psoriasis, and sleep apnea.
On exam he is wheelchair bound with kyphoscoliosis. He has characteristic facial dysmorphism with low-set ears, hypertelorism, and a large, protruding tongue. Neurologically he is profoundly encephalopathic, nonverbal, and does not visually track. He has axial hypotonia and hypertonic upper extremities. He withdraws from painful stimuli bilaterally. His hip hardware was removed about one year prior to this report and MRI was ordered to rule out any obvious structural etiology of his frequent, ongoing seizures. It revealed numerous structural abnormalities and anomalies of the brain, meninges, venous vasculature, face, skull base, and upper cervical spine, described in detail in the following section. Bilateral perisylvianpredominant cerebral polymicrogyria was found to be the likely cause of the patient's seizures.
Brain MR Technique
Brain MR was performed on a 3T magnet (General Electric, Milwaukee, WI) with a 32-channel head coil. The following pulse sequences were prescribed: sagittal three-dimensional (3D) fast spoiled gradient-recalledecho (FSPGR) T1-weighted images (WI) and sagittal 3D T2 fluid-attenuated inversion recovery (FLAIR) CUBE images reformatted into axial and sagittal planes, axial T2 fast spin-echo, coronal fat-saturated T2 fast spin-echo, axial magnetization transfer T1WI, axial susceptibility-weighted angiography (SWAN), and axial diffusion-weighted/diffusion tensor images (DTI) with seven non-collinear directions of encoding through the brain. Coronal high-resolution T2WI were acquired through the hippocampi. Sagittal InHance MR venogram of the brain was also performed with maximum intensity projection reformats.
Brain MRI findings
Brain volume. A decreased brain-to-face ratio and skull thickening were indicative of micrencephaly. Generalized mild cerebral volume loss was present with decreased white matter depth and commensurate supratentorial ventriculomegaly. Cerebellar and brainstem volume were within normal range.
Structural brain deformities.
Symmetric bilateral perisylvian-predominant cerebral polymicrogyria was present, affecting portions of the posterior inferior frontal, insular, anterior inferior parietal, superior temporal, and occipital lobes. The lateral sulcus was elongated, terminating more posteriorly than typical. The corpus There is a small brain-to-face ratio and thickening of the skull consistent with micrencephaly. The corpus callosum is mildly thin and the midline splenium is dysmorphic (small straight white arrow), suggesting an element of mild corpus callosum hypogenesis/dysgenesis superimposed on commissural volume loss. The anterior commissure is hypoplastic (straight black arrow). The tectal plate is mildly thickened and dysplastic (large curved white arrow). There is partial absence of the anterior falx cerebri revealed by the oblique course of the inferior sagittal sinus along its undersurface (curved black arrow). Falcine calcifications were present (small curved white arrow). The optic pathway, olfactory bulbs and tracts, and pituitary gland are normal. A small pineal cyst is incidentally noted. The clival angle is steepened, nearly 90 degrees. The anterior (square) and posterior (oval) neural arches of the atlas are not fused. There is an anomalous course and position of the vein of Galen, extending cephalad to the top of the splenium and forming a very acute angle with the straight sinus (large straight white arrow).
callosum was mildly thin and the midline splenium was dysmorphic, suggesting an element of mild corpus callosum hypogenesis/dysgenesis superimposed on commissural volume loss. The anterior commissure was hypoplastic. Hippocampi were elongated; temporal tips of the lateral ventricles were mildly enlarged with unusual extension underneath the amygdala. The tectal plate was mildly dysplastic. There was also mild superior vermian dysplasia with disorganized fissures and folia. A small pineal cyst was noted incidentally. The optic pathway, olfactory bulbs and tracts, and pituitary gland were normal.
Brain signal alterations. Mild multifocal punctate and confluent deep and periventricular white matter lesions were present involving the frontal more than the parietal lobes. Abnormal T2 prolongation and facilitated diffusion was present in the brachium pontis bilaterally. There was no abnormal parenchymal susceptibility or reduced diffusion.
Extra-axial pathology. The falx cerebri was hypoplastic with partial absence of its anterior portion. Falcine calcifications were present. Meckel's cave was prominent bilaterally without abnormality of the trigeminal nerves.
Venous vasculature. MR venogram demonstrated an anomalous course and position of the vein of Galen, extending cephalad to the top of the splenium and forming a very acute angle with the straight sinus. No significant dural venous sinus stenosis or thrombosis was observed.
Face, skull base, and upper cervical abnormalities. Facial dysmorphia was evident, corresponding to the physical exam. Specific findings included hypertelorism, mild maxillary hypoplasia, and maxillary teeth disorganization. The paranasal sinuses and mastoid air cells were mildly underdeveloped. The clival angle was steepened, nearly 90 degrees. There was right unilateral congenital assimilation of the atlas with the occipital bone. The partially imaged right hypoglossal nerve had an aberrant course, initially toward the anterior/inferior midline; tongue musculature was symmetric. The anterior and posterior neural arches of the atlas were not fused.
Discussion
PKS is a multisystem malformative chromosomal disorder that always affects the brain to some degree. Although pathophysiologic brain changes including intellectual disability, encephalopathy, and seizures are commonplace, detailed imaging descriptions and illustrations of the brain and related structures are lacking in the current medical literature. In this report, we have demonstrated typical MRI findings affecting Cross-sectional imaging findings in PKS can be variable, ranging from ''normal'' to, more commonly, abnormal with multiple malformations based on prior descriptions and limited images from the literature ( Table 1 ). In the largest study to date, Wilkens and colleagues found that 73% of their surveyed cohort of 33 patients had structural neurologic defects noted on brain CT or MRI in comparison to 63% of 87 reported cases in the literature. 4 These abnormalities of brain structure comprise several categories including volume loss, congenital parenchymal deformities, myelination disorders, and clastic gray and white matter lesions.
The broad array of congenital brain defects that can be found in PKS help explain the neurologic dysfunction in some of these cases. Malformations of cortical development include cerebral pachygyria and polymicrogyria (PMG) in one or more locations: diffuse, frontal, perisylvian, and unique to our case, occipital. 4, 6, 10, 16, 23 We also discovered a regional superior vermian malformation of cortical development with disorganized folia and fissures, not previously described. Reported imaging findings of a ''dysgenetic,'' ''agenetic,'' ''partially agenetic,'' ''hypoplastic,'' or ''thin'' corpus callosum suggest abnormal axonal migration in the former three scenarios and/or commissural volume loss in the latter two. 8, 10, 13, 14, 26, 30 In our patient, the findings of bilateral PMG provide a reasonable explanation for encephalopathy with focal seizures. PMG suggests an underlying abnormality of neuronal migration and organization in the affected region and possibly pan-cortically at the microscopic level. Non-genetic causes of PMG include insults to the brain during critical periods of neuronal movement and organization such as maternal cytomegalovirus (CMV) infection and hypoxic ischemic injury. 34, 35 It has been hypothesized in familial PMG that subtle cortical disorganization along the histological spectrum that includes PMG can also cause neurologic deficits in the absence of imaging findings. 36 In a similar fashion, it seems reasonable to suggest that disordered neuronal migration may be a contributor to neurologic deficits in PKS patients without overt imaging signs of cortical malformation. High-resolution, thin-section MR images are required to detect subtle malformations of cortical development. Thus, is it unclear how many of the previously described ''normal'' or ''unremarkable'' PKS brain MR examinations in the literature have occult disease or subtle changes associated with the phenotype. Decreased brain parenchymal volume associated with ventricular, sulcal, and cisternal space enlargement representing volume loss and/or hypoplasia is the most common finding in PKS based on the literature, and is present in our patient as well. [6] [7] [8] 10, 11, 13, 14, [16] [17] [18] [19] [21] [22] [23] [24] [25] [26] 28, 29, [31] [32] [33] Brain volume loss tends to affect the cerebrum more than the brainstem and cerebellum, but can be diffuse. Though follow-up data are limited, it is likely that this represents at least some element of brain atrophy in most cases. Possible etiologies could include impaired parenchymal development and/or increased apoptosis secondary to underlying PKS and seizure activity when present.
Brain signal changes are not uncommon in PKS. 8, 11, [15] [16] [17] 21, 23, 26 These may involve the cerebral or brainstem white matter, basal ganglia, or cerebral cortex. White matter signal changes take the form of focal hyperintensities on T2WI, or less commonly, myelination delay or calcifications. Unique to our case is symmetric middle cerebellar peduncle signal hyperintensity, not previously described. The white matter abnormalities may represent any combination of gliosis, dysmyelination, or hypomyelination; no detailed pathologic correlations have been made as of yet to our knowledge. Basal ganglia were normal in our case but signal changes have been described in one previous report representing prominent perivascular spaces and/or necroses from prior lacunar infarcts or other injury. 21 Cerebral encephalomalacia has also been described on occasion, 6, 31 though not observed in our case.
Meningeal abnormalities in our patient included a hypoplastic, partially calcified anterior falx cerebri and prominent Meckel's caves. Falcine hypoplasia in a 4-month-old with PKS has been previously described by Filloux et al. 11 Falcine calcifications are generally physiologic, though unusual without a history of dialysis, hyperparathyroidism, or subdural collections. In a large CT study composed mostly of adult patients (range 15-85 years), dural calcifications were found in 13% (mean 53 AE 18 years). 37 Although the prevalence of dural calcification has not yet been established in teenagers, it is rare in the first decade of life, occurring in about 1%. 38 Enlargement of Meckel's cave can be present as a normal variant, but may be a reflection of congenital dural pathology given the concurrent falcine abnormalities. Further, their association with dura likely influences the abnormal position and course of the inferior sagittal sinus and vein of Galen.
Characteristic changes in PKS involving the skull, face, and spine have been shown previously. 4 Craniofacial dysmorphia reflects some of the physical manifestations of the disease. The skull often has an abnormal shape, and synostosis may develop. Hypertelorism and maxillary hypoplasia are common. The skull base was also found to be abnormal in our patient, with a steepened clival angle and unilateral assimilation of the atlas. Intriguingly, the ipsilateral hypoglossal nerve had an aberrant cisternal course, but was incompletely imaged and evaluated. However, the tongue musculature was symmetric, and the patient had no reported hypoglossal nerve dysfunction on exam.
Unfortunately, our lack of prior MR imaging prevents any temporal analysis of morphology. No study has analyzed the progressive structural brain changes in PKS. Any attempt to do so will need to take into 
Conclusion
There is no signature pattern of neuroimaging findings in PKS; however, common brain MRI abnormalities include cerebral-predominant brain volume loss, malformations of cortical development, corpus callosum dysgenesis, and white matter abnormalities in addition to craniofacial malformations. Additional pathologic changes unique to our case include perisylvian with occipital PMG, vermian dysplasia, brachium pontis signal abnormality, meningeal anomalies, and unilateral assimilation of the atlas; in our case these novel findings likely explain the etiology and severity of the patient's static encephalopathy and continuing multifocal seizure activity. Further detailed study of the brain in the PKS population is needed to identify and confirm common morphological patterns as well as assess structural changes over time. Pathologic correlation in epileptogenic regions without overt neuroimaging evidence of cortical malformation may be elucidating. It is our hope that in providing high-resolution MR images and the first comprehensive review of neuroimaging findings in PKS this report will aid clinicians and radiologists alike in the diagnosis of PKS. We also hope that this article will help guide future research with regards to seizure management and functional maximization in this highly varied patient population. 
